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a b s t r a c t

Accurately obtaining the original information of an in-situ rock via coring is a significant guiding step for
exploring and developing deep oil and gas resources. It is difficult for traditional coring technology and
equipment to preserve the original information in deep rocks. This study develops a technology for in-
situ substance-preserved (ISP), moisture-preserved (IMP), and light-preserved (ILP) coring. This tech-
nology stores the original information in real time by forming a solid sealing film on the in-situ sample
during coring. This study designed the ISP-IMP-ILP-Coring process and tool. In addition, an ISP-IMP-ILP-
Coring process simulation system was developed. The effects of temperature, pressure, and film thick-
ness on the quality of the in-situ film were investigated by performing in-situ film-forming simulation
experiments. A solid sealing film with a thickness of 2e3 mm can be formed; it completely covers the
core sample and has uniform thickness. The film maintains good ISP-IMP-ILP properties and can protect
the core sample in the in-situ environment steadily. This study verifies the feasibility of “film formation
during coring” technology and provides strong support for the engineering application of ISP-IMP-ILP-
Coring technology.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Following the gradual exhaustion of shallow earth resources,
the development and exploitation of deep earth resources have
become an important strategy for maintaining future resource
productivity (Yao et al., 2013; Pang et al., 2015). More than 1,000
deep oil and gas reservoirs (buried depths of 4,500 m to 8,130 m)
have been developed all over the world (Sun et al., 2013). Until
2010, the production of deep oil reached 1.21� 108 and that of deep
natural gas reached 1054 � 108 m3 (Li et al., 2021). Recently, there
has been great exploration potential for abundant industrial oil and
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gas reservoirs in Kuqa, Tazhong, Tabei, Yuanba, and Niudong of the
Tarim Basin, Sichuan Basin, and Bohai Bay Basin (Tian et al., 2010;
Zhao et al., 2013; Sun et al., 2015). The challenges of deep resource
development, such as complex formation lithology and pressure
systems, in-situ high geostress, temperature, and osmotic pressure
environments, have restricted the development of deep resources
(Xie et al., 2015; Gao et al. 2018, 2020a, 2020b, 2021a, 2021b, 2022;
Xie, 2019). However, the "common core samples" that have been
obtained via the current coring technology have lost their actual
condition and original information, such as the in-situ pressure,
temperature, substance composition, fluid saturation, and micro-
organism. As a result, assessing the actual condition and original
information of in-situ rocks is difficult (Xie et al., 2020). This has
necessitated the development of in-situ condition-preserved coring
(ICP-Coring) technology to determine the actual conditions and
original information of deep in-situ rocks, and thereby establish the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Abbreviations

HY-ACE -Hydrate-autoclave coring equipment
ISP -Coring In-situ substance-preserved coring
IMP -Coring In-situ moisture-preserved coring
ILP -Coring In-situ light-preserved coring
ICP -Coring In-situ condition-preserved coring
PCS -Pressure core sampler
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theory of deep in-situ rock mechanics and provide theoretical and
technical guidance for the development of deep resources. Pres-
ently, most traditional coring technologies and equipment focus
significantly on maintaining the in-situ temperature and pressure
of rocks, and only a little on maintaining the original information in
the rock pores. The pollutant contamination from the external
environment to the core or the substance exchange with the core is
the main reason for the distortion of the original information. This
includes the erosion pollution of drilling fluid to the core during the
coring process and the constant outward release of components in
the pore during the core transfer and testing (Sun et al., 2020). A
pressure core sampler (PCS) and hydrate-autoclave coring equip-
ment (HY-ACE) adopt a resin core barrel to ensure close proximity
between the core and the resin core barrel during coring to reduce
the entry of the drilling fluid into the core barrel. In addition, a
piston mechanism is integrated into the core barrel so that the
seawater entering the core barrel is discharged through a one-way
valve (Hohnberg et al., 2003; Milkov et al., 2004; Bohrmann et al.,
2007; Schultheiss et al., 2009; Zhu et al., 2013). These mecha-
nisms can only prevent the drilling fluid from coming into contact
with the core, but they do not prevent the drilling fluid from
seeping into the rock pores under high-pressure conditions. In the
sponge coring process, flexible polyurethane sponge bushing is
installed in the core barrel. The sponge bushing is closely attached
to the core, preventing the drilling fluid from invading the core
pores. However, the original core fluid flows into the sponge
bushing from the pores (Shale et al., 2014), and cannot prevent the
spread of the original substance during the transfer and testing
process; In the sealing coring process, a non-aggressive colloid
sealing liquid is present in the core barrel, and the liquid is released
while coring to drain the drilling fluid between the core sample and
core barrel. The sealing liquid is used to isolate the core sample
from the drilling fluid during the coring process. This prevents the
direct intrusion of the drilling fluid into the pores of the core
sample. However, when the in-situ temperature exceeds 100 �C, the
viscosity of the sealing liquid decreases significantly, and the gas
and fluid in the core pores cannot be prevented from diffusing into
the sealing liquid. Therefore, a correction calculation model for an
indirect fluid saturation in the pores of the core sample must be
established in the core analysis (Chen et al., 2019; Ma, Li, 2016; Tu,
Li, 2017).

To obtain the core samples with fully preserved in-situ condi-
tions and information, it is necessary to develop a novel ISP-IMP-
ILP-Coring technology (Xie et al. 2020, 2021). In December 2018,
our team first proposed the concept and mechanism of deep in-situ
condition preserved (e.g., heat, pressure, substance, moisture, and
light preserved) coring technology (Wan et al., 2019; He et al., 2019;
Yu et al., 2020; Li et al., 2020; Gao et al., 2021c). This was done to
retain the in-situ environmental conditions of the core sample
during the process of coring, transferring, storing, and testing. As
the key technology, ISP-IMP-ILP-Coring aims to preserve the deep
in-situ original information in the pores inside the core sample. ISP-
Coring is utilized to preserve the substance in the core sample,
especially the volatile gas and liquid components, which is
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conducive to accurately identifying the oil and gas reservoir loca-
tion and the reserve evaluation. IMP-Coring is used to preserve the
humidity or the oil andwater saturation in the pores inside the core
sample, which is crucial to accurately describing the remaining oil
distribution in the reservoir during the production process(Zhao,
2021; Iscan, 2021). ILP-Coring is used to maintain the dark envi-
ronment of the in-situ rock and prevents the external light pollu-
tion of the core sample, which is performed to avoid the extinction
of microorganisms that may exist, and provide research materials
for deep life science (Teske, 2005; Mcmahon, Ivarsson, 2019;
Borgonie et al., 2015). Inspired by the phenomenon that an egg is
wrapped in an oil sealing film instantly when thrown into the oil,
we proposed the concept of "in-situ solid sealing film formation
while coring "(Xie et al., 2020; Zhao et al., 2020). As shown in Fig. 1,
a polymer film-forming solution is used to protect the in-situ core
samplewhile coring. The solutionwith high viscosity cannot invade
the core pores and cause damage to the original fluid. In addition,
the solution drains the drilling fluid and prevents pollution of the
core sample during the dynamic coring process (Fig. 1a). More
importantly, after covering the core surface, the solution triggers
the crosslinking reaction and develops into a polymer solid sealing
film with a microscopic dense structure. (Fig. 1b). Compared with
the sealing liquid, the solid sealing film features an excellent
molecule barrier, mechanical performances, and chemical stability;
and is light-proof. Therefore, the information in the core pores is
completely isolated from the outside environment. The solid seal-
ing film blocks the substance exchange inside and outside the core
and preserves the original information inside the core for a long
time during the transfer and testing process. Liu et al. also used the
same methodology for coring in old wells (Liu et al., 2021).

Based on the conception and principle of the "in-situ solid
sealing film formation while coring", this study designed an ISP-
IMP-ILP-Coring simulation system with the functions of cross-
linking reaction solutions isolation storage and self-triggering
premixing. The film formation during the coring process is simu-
lated under the in-situ temperature and pressure environment. In
addition, an in-situ filmwith excellent comprehensive performance
is obtained on the core sample surface, which verifies the feasibility
of the ISP-IMP-ILP-Coring technology. The effects of the in-situ film-
forming space, temperature, and pressure on the coverage, thick-
ness uniformity, and comprehensive performance of the in-situ film
were investigated. The environmental and technological factors
controlling the performance of the in-situ film are analyzed. This
provides the basis for the development of film materials and the
optimization of the film formation during the coring process. This
study will strongly promote the engineering application of deep
ISP-IMP-ILP-Coring technology.

2. ISP-IMP-ILP-coring process and tool

To achieve the process of in-situ film-formation during coring,
the accurate control of the initial time of the liquid-solid phase
transformation reaction of the film-forming solution is necessary.
When the film-forming solution reaches the bottom of the well
from the surface, it must remain in a flowable state for a long time
before coring. It is necessary for the film-forming solution to trigger
the crosslinking reaction at the beginning of coring. Therefore, we
innovatively designed the process that is referred to as the "in-situ
isolation storage and self-triggered premixing of crosslinking re-
action solutions". The components in the film-forming solution
producing the crosslinking reaction are divided into two solutions
(crosslinking reaction solutions, hereafter referred to as A/B solu-
tions), which are pre-stored in isolation in the core barrel before
coring. The A/B solutions can be stably stored separately before
they are mixed. At the beginning of coring, the A/B solutions were



Fig. 1. Schematic of in-situ solid sealing film formation a before film formation and b
after film formation.
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simultaneously discharged and mixed to form the film-forming
solution with the ability of crosslinking curing. Based on this pro-
cess, we designed an ISP-IMP-ILP-Coring tool. The implementation
of the coring process is illustrated in Fig. 2a. The key components of
this tool (e.g., a solution reservoir, floating piston, and static mixer)
are integrated into the core barrel, which can be run down the
bottom hole using a rope and attached to the inner wall of the drill
string. There are four groups of reduced-diameter through-holes in
the solution reservoir. The upper and lower ends of the through-
holes are installed with immobile and floating pistons respec-
tively, forming four groups of isolated solution storage chambers,
where the A/B solutions are pre-stored before coring. The bottom of
the floating pistons is supported by springs, which separate the
solution storage chambers from the confluence channel at the
bottom of the solution reservoir, and they can maintain the balance
of the fluid pressure inside and outside. During coring (Fig. 2b), the
core barrel goes down with the drill bit, and the bearing device at
the top prevents the core barrel from rotating. When the core
sample enters the core barrel, the solution reservoir is pushed
upward and produces relative displacement with the immobile
piston. Therefore, the space in the solution storage chamber is
Fig. 2. Schematic of ISP-IMP-ILP-Coring a before
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reduced, and the pressure of the A/B solutions increases. The
floating pistons shift under a pressure difference, and they connect
the four solution chambers with the confluence channel. The A/B
solutions are simultaneously extruded into the confluence channel,
and the film-forming solution is formed after premixing with the
static mixer in the confluence channel. As a result, the crosslinking
curing reaction is initiated by the dynamic coring process, which
successfully controls the initial time of the cross-linking and curing
reaction of the film-forming solution. The film-forming solution
covers the top and side surface of the core sample while drilling,
forming a protective area that allows for the isolation of the drilling
fluid. A resilient packer with a petal structure is installed at the
bottom of the core barrel, which spreads when the core sample
enters the core barrel, and automatically springs back and closes as
the core sample completely enters the core barrel. The film-forming
solution rapidly crosslinks to form a solid sealing film over the
surface of the core sample; therefore, the bottom of the core barrel
is sealed (Fig. 2c). As such, the core sample is completely sealed in
the film, thereby ensuring the core sample can be protected
continuously and in the long-term.

3. Deep ISP-IMP-ILP-coring simulation system

We built a simulation system based on the ISP-IMP-ILP-Coring
process. The structure is divided into a film-forming simulation
chamber and an external control module. They can be coordinated
to verify the film formation during the coring process in an in-situ
high-temperature and high-pressure environment.

The film-forming simulation chamber simulates film-formation
during the coring process in a narrow space through its mechanical
structure. Themain internal components are shown in Fig. 3a and b,
and include the piston-rod combination, core barrel, solution
reservoir, and its internal floating pistons and static mixers. The
solution reservoir has four cylindrical storage chambers with a
diameter of 20 mm and a length of 110 mm, and the liquid storage
capacity can reach 138 ml. The core with a length of 100 mm and
diameter of 50 mm is located in the sleeve below the core barrel
with a piston-rod combination at the bottom. The top and bottom
of the core are fitted with a bonnet with several flow channels with
coring, b during coring, and c after coring.



Fig. 3. Schematic of the simulated ISP-IMP-ILP-Coring process a before simulation coring, b internal components, c during simulation coring, d and after simulation coring.

Fig. 4. Schematic of the special static mixer.
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a diameter of 3 mm. The bonnet is in point contact with the core
sample and has the same size as the inner diameter of the core
barrel so that the core sample is centered. The thickness of the film
generated on the core surface can be controlled by adjusting the
inner diameter of the core barrel. When the simulated coring be-
gins (Fig. 3c), the piston-rod combinations push the bonnets and
core upward into the core barrel for 110 mm. The solution reservoir
was driven further to move upward, and the A/B solutions were
extruded into the cylindrical confluence channel with a diameter of
16 mm and a length of 50 mm by the relative motion of the
immobile piston. After being premixed with a static mixer, a film-
forming solution was formed. The film-forming solution passes
through the flow channel of the bonnets and covers the core
sample while coring. This forms a protected area around the core
that isolates the external fluid. The film-forming solution rapidly
crosslinks and finally forms a solid sealing film on the surface of the
core sample (Fig. 3d).

The static mixer plays a significant role in the in-situ premixing
process, where the A/B solutions are uniformly premixed and
dispersed to form a film-forming solution in the confluence chan-
nel. If the A/B solutions cannot be uniformly premixed and
dispersed, the components in the A/B solutions cannot come into
full contact and react. Accordingly, there will be a large amount of
free volume and residual small molecules or oligomers in the in-situ
film owing to the incomplete polymerization. This results in a
decrease in the comprehensive performance of the film and the ISP-
IMP-ILP ability. Because of the narrow space of the confluence
channel (50 � F16 mm), the premixing travel and time of the A/B
solutions are limited; hence, obtaining a uniformly dispersed film-
forming solution is difficult. Therefore, we designed a special static
mixer with an outer diameter of 16 mm, which comprises impeller
mixer units and necking mixer units, as shown in Fig. 4. The
impeller mixer units were superimposed in the positive and
negative deflection directions. Because the two adjacent impellers
deflect in opposite directions, the flow direction of the fluid be-
tween them constantly changes. When the A/B solution passes
through the impeller blade, it goes through the cut, refined, and
dispersed process to form multiple bundles of fluid that flow
downward along the deflection direction of the impeller. A 3 mm
shrinkage channel in the middle of the necking mixer unit forces
the A/B solutions to converge from the periphery to the center for
contact and integration. This causes impact, shear, and
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recombination between the flows. At the same time, the flow di-
rection, velocity, and pressure change dramatically when they pass
through the shrinkage channel, which increases the probability of
interflow between the A/B solutions. The impeller and necking
mixer units were superimposed and combined at a ratio of 4:1 to
form the special static mixer used. This can effectively premix and
disperse the A/B solutions in the in-situ narrow space.

The external control module of the simulation system can
restore the deep in-situ coring condition of high levels of temper-
ature and pressure; the image and schematic are shown in Fig. 5.
The simulation temperature ranges from 30 to 150 �C and the
pressure from 0 to 10 MPa (manometer pressure); the internal
medium fluid can be water, oil, or drilling fluid. The control center
can control the experimental temperature fluctuation within 1 �C
and the pressure fluctuation within 0.1 MPa. Before the simulation
started, the film-forming mechanism was first loaded into the
simulation chamber. Subsequently, the medium liquid was injected
into the chamber through the piston pump by liquid inlet 1 to
simulate the fluid environment during coring. The simulation
chamber was then heated to a predetermined value using the
heating apparatus, and the medium liquid was injected from liquid



Fig. 5. a External control module. b Schematic of the external control module.
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inlet 2 to push the piston-rod combination upward. Afterwards, the
core was pushed into the core barrel. To simulate actual coring
speed, the pushing speed can be controlled within 0.2e3 mm/s by
changing the liquid injection displacement of the piston pump. In
this process, the piston-rod combinations pressurize the upper-
medium liquid, and the opening pressure of the pressure-
regulating valve at the liquid outlet can be adjusted arbitrarily
within the range of 0e10 MPa. When the hydraulic pressure ap-
proaches the opening pressure, the medium liquid is discharged
automatically to maintain the hydraulic pressure in the chamber,
which is the experimental pressure. After the simulation coring, the
simulation chamber was rapidly cooled by circulating the medium
liquid in the cold trap pipeline.

4. Experiments

4.1. Materials

A polyurethane modified epoxy resin was used as the raw ma-
terial of solution A. A mercaptan curing agent, ester cyclic curing
agent, and anhydride curing agent were used as the raw materials
of solution B, respectively. A diluent was used to regulate the vis-
cosity of the curing agent. The aforementioned chemical reagents
were purchased from the Chuzhou Huisheng Electronic Materials
Co., Ltd and modified preliminarily. The graphene was purchased
from the Deyang Diene Carbon Technology Co., Ltd. and was used
for filling in the A/B solutions to improve the barrier and light-proof
performance of the film.

4.2. Methods

4.2.1. Preparation of the A/B solutions
In this experiment, 20 g of polyurethane modified epoxy resin

and graphene (1 wt%) were added to a polypropylene (PP) plastic
beaker and mixed in a vacuum degasser mixing machine for 9 min
as solution A. A curing agent of the same quality and a diluent of
5 wt% were added to the beaker and mixed in a vacuum degasser
mixing machine for 9 min at room temperature as solution B.

4.2.2. Preparation of the standard film
In this part of the experiment, 10 g of solutions A and B were

added to a beaker andmixed in a vacuum degasser mixingmachine
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for 3 min as the film-forming solution. This was cured at the cor-
responding temperature for approximately 30 min. The uncured
film-forming solution was slowly poured onto a flat polytetra-
fluoroethylene plate and coated with a film coating device into a
1 mm film. The cured film was prepared into a F100 mm round
sample, used to detect the water vapor and oxygen permeability of
the standard film. The film-forming solution was slowly poured
into the tensile specimen molds to form the GB/T 1040-92 I stan-
dard tensile test specimens, whichwere used to test themechanical
properties of the standard film. Approximately 1 g of the cured film
was placed in saturated salt water to detect thewater absorption by
the standard film.

4.2.3. Preparation of the in-situ film
During this experiment, 60 g of solutions A and B were loaded

into the solution storage chambers in the solution reservoir of the
simulation chamber. The core barrel with annular clearances of 0.5,
1, 2, and 3 mm that formed with the core sample was selected for
the simulated film-forming experiment. First, the medium liquid
was circulated to fill the simulation chamber, and the experimental
temperatures (30 �C, 60�C, 90�C) and pressures (0 MPa, 4 MPa,
8 MPa) were set in the control center of the simulation system.
After the temperature and pressure were stabilized, the piston-rod
combinations pushed the core sample into the core barrel. The A/B
solution was discharged from the solution reservoir in a simulated
in-situ environment. After in-situ premixing with the static mixer,
the medium liquid around the core sample was displaced by the
film-forming solution from top to bottom to form an in-situ film
layer. After waiting for 30 min, the simulation chamber was rapidly
cooled through a cold trap. Approximately 1 g of the cured filmwas
placed in saturated salt water to detect water absorption by the in-
situ film.

Solutions A and B were placed inside A/B solution storage
chambers. By applying pressure, they were premixed with a static
mixer to form a film-forming solution. The film-forming solution
was slowly poured onto a flat polytetrafluoroethylene plate and
used to form a 1 mm film coating with a film coating device at the
in-situ temperature. The cured film was prepared into a F100 mm
round sample, which was used to detect the water vapor perme-
ability and oxygen permeability of the in-situ film. The film-forming
solutionwas slowly poured into the tensile specimenmolds to form
the GB/T 1040-92 I standard tensile test specimens, which were
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used to test the mechanical properties of the in-situ film.

4.3. Analysis

To ensure that the ISP-IMP-ILP film-forming process can adapt
to the deep in-situ environment and realize the engineering
application, we assumed that the in-situ film must meet multiple
indexes. (1) The film that forms on the core sample is thin, com-
plete, and uniform, and the film thickness deviation is less than
10%. (2) By adapting to the in-situ high-temperature and high-
pressure conditions, an in-situ film can be formed under an envi-
ronment within a temperature range of 0e90�C and pressure range
of 0e8 MPa. (3) The comprehensive performance of the in-situ film
is stable, which can continuously seal and protect the in-situ core
sample.

Therefore, through the simulation system, we carried out a
single-factor variable simulation film formation experiment, as
shown in Table 1. This continuously optimizes the ISP-IMP-ILP film
formation during the coring process, which is expected to cover the
core sample with a complete and uniform solid sealing film under
the in-situ temperature and pressure environments. First, under
normal temperature and pressure conditions (30 �C, 0 MPa), we
controlled the film-forming space by changing the inner diameter
of the core barrel to form films with varying thicknesses (0.5, 1, 2,
and 3 mm) on the core sample. The film coverage and thickness
uniformity were investigated for different film-forming spaces. By
optimizing the size of the film-forming space, a thin and uniform
film layer formed on the core surface. Furthermore, simulation
experiments were carried out at different in-situ temperature levels
(30, 60, and 90�C) and pressure levels (0, 4, and 8 MPa). These were
performed to explore the effect of the in-situ temperature and
pressure on the film coverage and thickness uniformity. All the
studies verified the feasibility of implementing the ISP-IMP-ILP
film-forming process in engineering.

In addition, the in-situ film that was generated by in-situ pre-
mixing under simulated high-temperature and high-pressure en-
vironments (90�C, 8 MPa) was compared with the standard film.
The effect of the processes of "in-situ isolation storage and self-
triggered premixing of crosslinking reaction solutions" on the in-
situ crosslinking curing degree of the film-forming solution and the
comprehensive properties of the in-situ filmwere investigated. This
provided the basis and a reference for the development of the
sealing film material and the optimization of the ISP-IMP-ILP film-
forming process.

An oxygen permeability analyzer (Y310, GBPI Co., Ltd.) was used
Table 1
Film-forming experiment scheme.

Number Thickness, mm Curing agent

1 0.5 Mercaptans(10
2 1 Mercaptans(10
3 2 Mercaptans(10
4 3 Mercaptans(10
5 2 Mercaptans(10
6 2 Mercaptans(10
7 2 Mercaptans(80

Anhydrides(20%
8 2 Mercaptans(40

Anhydrides(60%
9 2 Mercaptans(40

Anhydrides(60%
10 2 Mercaptans(40

Anhydrides(60%
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to test the oxygen permeability of the film to characterize the ISP
performance of the in-situ film. The test samplewas required to be a
circular sheet with a diameter of 100 mm. The contact surface be-
tween the sample and the test fixture was smeared with vacuum
silicone grease to prevent gas leakage. The oxygen and nitrogen
pressures were adjusted to 0.1 MPa, and the test temperature was
controlled at 23 �C. The test was concluded when the straight test
curve leveled off, and at least three data points fluctuated within
5%.

A water vapor permeability analyzer (W403, GBPI Co., Ltd.) was
used to test the water vapor permeability of the film to characterize
the IMP performance of the in-situ film. The test temperature was
controlled at 38 �C during the test. The test endedwhen the straight
test curve leveled off, and at least three data points fluctuated
within 5%.

The light flux of the film was measured using a light trans-
mittance and haze tester (SGW-810 model, GBPI Co., Ltd.) to char-
acterize the ILP performance of the film. The light transmittance
was measured at 30�C and humidity below 60%. After preheating
the instrument, the prepared square sample (100 mm � 100 mm)
was placed on the sample holder for the transmittance
measurement.

Tensile tests were carried out on an AGS-J testing machine
manufactured by the Shimazu Company in Japan to test the sta-
bility of the film against mechanical damage. The experimental
environment of the samples was prepared under the provisions of
GN2918, and the loading speed of the samples in the tensile test
process was set at 4 mm/min.

Approximately 1 g of the filmwas placed in saturated salt water.
The mass change rate of the film was measured using an electronic
balance manufactured by the Hangzhou Wante Weighing Equip-
ment Co., Ltd., to characterize the water absorption of the film. The
measurement accuracy was 0.01 g, and the measurement intervals
were 0, 6, 24, 48, and 96 h. The film was weighed three times, and
the average value for each measurement was determined.

A Nova Nano SEM450 scanning electron microscope (FEI Com-
pany, USA) was used to observe the surface and section
morphology of the film under a 5 kV acceleration voltage. First, the
prepared film was slightly cut and immersed in liquid nitrogen for
5 min. A tweezer was used to clamp the brittle break of the film and
mark the section. Before observation, all the samples were sprayed
with gold; they were attached to the sample table of the scanning
electron microscope through a conductive adhesive. Afterwards,
they were placed in the sample chamber to scan the sample surface
and section.
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Fig. 6. a Film coverage in different film-forming spaces. b Film thickness deviation in different film-forming spaces.

Fig. 7. a Demolding process of the film-forming core sample. b Film-forming core sample at 30�C, 60�C and 90�C. c In-situ impeller mixer units.

Fig. 8. a Film coverage for the different in-situ temperatures with the mercaptan curing agent. b Curing time of the film-forming solution with the mercaptan curing agent that
varies with temperature.
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5. Results and discussion

5.1. Effect of the in-situ film-forming space on the film-forming
process

The effect of the different film-forming spaces on the in-situ film
was investigated under the experimental conditions of 30 �C and
0 MPa. The coverage (film covered area/total core sample surface
area) was used to evaluate the in-situ film completeness, and film
thickness deviation rate (film thickness deviation value/annulus
1328
space width) was used to evaluate the in-situ film uniformity. As
depicted in Fig. 6a, in the annulus space of 1/2/3 mm, the film-
forming fluid can completely cover the top, side, and bottom sur-
face of the core. In addition, the coverage was high: 98.7%, 96.8%,
and 98.0%, respectively (as the bonnets exert a driving force and a
centralizing force on the top and bottom of the core, the contact site
cannot cover the film layer, and the film coverage cannot reach
100%; these will be improved in subsequent studies). However,
when the film is formed in the annulus space (0.5 mm), the
displacement interface drainage velocity in the annulus is uneven



Fig. 9. Combination of the curing agents in the full temperature stage.
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because of the narrow annulus flow channel and the eccentricity of
the core sample. Following the increase in the core sample eccen-
tricity, the displacement efficiency of the section in the wide gap
did not change significantly, whereas the efficiency of the section at
the narrow gap decreased sharply, and the channeling phenome-
non occurred. The external fluid easily stays in the core barrel and
eventually remains on the core surface. A large area of the core
samples was not covered by the sealing film and the coverage was
only 30%. The thickness uniformity of the in-situ film was further
investigated, and the results are displayed in Fig. 6b. In the 2e3mm
annular space, the film uniformity was higher, and the film thick-
ness deviation rates were 1.9% and 2.8%, respectively. However, in
the 1 mm and 0.5 mm annular space, the deviation rate of the in-
situ film increased to 9.9% and 81.6%. This reflects the effect of the
core sample eccentricity on the film thickness deviation that
intensified as the film-formation space decreased.

5.2. Effect of the in-situ temperature on the film-forming process

The in-situ temperature affects the crosslinking curing rate of the
film-forming solution and directly affects the film coverage on the
core surface.Weusedamercaptancuring agent to carryout thefilm-
forming experiment while coring at 30, 60, and 90 �C. The actual
film-forming core samples are shown in Fig. 7a and b. The results
demonstrate that the core sample surface can only be coveredwith a
dense and complete solid sealing film at the low-temperature stage
(approximately 30 �C), and the coverage is 96.8% (Fig. 8a). Following
the increase in the in-situ temperature, the coverage decreased from
96.8% to 19.5% because the polymerization activity increased
significantly as the in-situ temperature increased, and the
Fig. 10. a Film coverage for the different in-situ temperatures with the compound curing ag
agent.
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crosslinking reaction in the film-forming solution accelerated
sharply. As shown in Fig. 8b, when the temperature increased from
20 �C to 150 �C, the curing time of thefilm-forming solutionwith the
mercaptan curing agent plummeted from 20 min to 2 min. Before
the core sample completely entered the core barrel, the viscosity of
the film-forming solution increased sharply at high temperatures,
gelatinized, and solidified, blocking the narrow space of the
confluence channel. The A/B solutions could not discharge from the
solution reservoir; thereby resulting in a sudden pressure that flat-
tened the static mixer (Fig. 7c). As a result, the resistance of the core
sample into the core barrel increased, and itwas difficult to enter the
core barrel and be film-coated completely.

Therefore, the curing time of the film-forming solution should
not be too short at any in-situ temperature. However, if the film-
forming solution solidifies too slowly and remains in a liquid
state for a long time after the completion of coring, preventing the
outward loss of small molecules in the core sample becomes
difficult, which can affect the sealing. Therefore, we regulated the
crosslinking curing time of the film-forming solution in 30 min
(coring process time), such that the liquidesolid phase trans-
formation process of the film material could be coupled and
matched with the dynamic coring process. To address the variation
in the curing rate of the film-forming solution at unique tempera-
tures, a study on the adaptability of the film-forming solution over
the entire temperature range was carried out. By performing ex-
periments, three types of curing agents (mercaptans, anhydrides,
and ester cyclic amines) were optimized. Finally, a controllable
film-forming time (approximately 30 min) over the entire tem-
perature range (30e150 �C) was achieved by combining the curing
agents (Fig. 9).

Additional film-forming experiments were carried out at 30, 60,
and 90 �C using a film-forming solution with a suitable curing
agent. The results showed that the composite film-forming solution
formed a complete film layer with a thickness of 2 mm on the
surface of the core sample, and the film coveragewas 96.8, 97.4, and
97.6%, respectively (Fig. 10a). The thickness deviation rate ranged
between 1.9 and 6.5% (Fig. 10b), and the uniformity was remark-
able. Through the optimization of the curing agent combination,
the applicable temperature range of the film formation during the
coring process was effectively extended, thereby providing a basis
for the in-situ film-forming experiment that was coupled with the
high temperature and pressure.
ent. b Film deviation for the different in-situ temperatures with the compound curing



Fig. 11. a Film coverage for the different in-situ pressures. b Film deviation for the different in-situ pressures.

Fig. 12. ISP-IMP-ILP performance of the in-situ film and the standard film. a Light flux of the in-situ film and standard film. b Barrier performance of the in-situ film and standard
film.

Fig. 13. a SEM image of the cross-section of the in-situ film. b SEM image of the surface of the in-situ film.
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5.3. Effect of the in-situ pressure on the film-forming process

The effects of the different in-situ pressures (0, 4, and 8 MPa) on
the film-forming process were investigated at 90 �C and a film-
forming space of 2 mm. The results showed that a dense solid
layer could be formed on the surface of the core under different
pressures. As shown in Fig. 11a, the film coverage at 0, 4, and 8 MPa
was high, reaching 97.6, 97.4, and 97.6%, respectively. As shown in
1330
Fig. 11b, the film thickness deviations were 3.0, 5.6, and 3.1%,
respectively. The in-situ film exhibited remarkable uniformity,
indicating no severe eccentricity of the core sample under the
simulated pressure. The simulation results showed that the in-situ
film-forming processes can adapt to conditions under different
pressures, and the film was coated in a stable manner on the core
surface.

In conclusion, the completeness and uniformity of the in-situ



Fig. 14. a Tensile strength of the in-situ film and standard film. b Water absorption rate of the in-situ film and standard film.
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film is primarily affected by the eccentricity of the core sample. As
the annular film formation space decreases, the degree of the core
sample eccentricity tends to increase, thereby adversely affecting
the in-situ film. In this study, we conclude that 2e3 mm is the
appropriate annular space. In addition, temperature determines the
crosslinking curing time of the film-forming solution and indirectly
affects the in-situ film. Through the investigation and control of the
crosslinking curing time (approximately 30 min), in-situ film can
form well at a wide temperature range (30e150 �C). When the
crosslinking curing time of the film-forming solution is confirmed,
the in-situ film-forming processes are minimally affected by tem-
perature and pressure.

5.4. Effect of the in-situ premixing and film formation process on
the comprehensive performance of the in-situ film

The in-situ filmwith 2 mm thickness was fabricated at 90 �C and
8 MPa to comprehensively characterize its performance, and was
compared with the standard film. The light transmittance, oxygen
permeability coefficient, and water vapor permeability coefficient
of the in-situ film were maintained at 0 (Figs. 12a), 0.65 cm3/ (m2 $

d) and 13.1 g/ (m2 $ d) (Fig.12b), whichmaintained an excellent ISP-
IMP-ILP performance. However, the oxygen and water vapor
permeability coefficient of the in-situ filmwere 2.32 and 5.95 times
those of the standard film, indicating that the ISP-IMP performance
was reduced. To explain the obvious reduction of the in-situ film in
the barrier property, a SEM image of the film cross-section was
obtained (Fig. 13a). In the film-forming solution, the graphene
nanosheet filler was added to the polymer matrix. The filler, acting
like a "barrier wall" lengthened the molecular diffusion path and
decreased the permeability. However, there were microscopic
pores between the filler and the matrix in the in-situ film. This was
because the filler was not uniformly dispersed and insufficiently
integrated with the matrix in the in-situ premixing process. In
addition, because the in-situ premixing process cannot be carried
out in a vacuum environment, microbubbles in the film-forming
solution cannot be completely removed, such that there were sto-
matal defects in the in-situ film. As a result, the transfer gas
molecule path in the in-situ filmwas shortened, and the obstruction
was reduced; thereby attenuating the in-situ film barrier
performance.

The in-situ film is considered to be in an adverse environment
after forming on the core surface. To ensure that the in-situ film can
protect the core over long periods, the film material should have
good mechanical properties to prevent damage to the in-situ film
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during the migration and demolding process. In addition, the in-
situ film must be able to resist water erosion. Therefore, the tensile
strength and water absorption rate of in-situ filmwere measured to
explore the stability of the continuous core sample protection by
the film in-situ state. As shown in Fig. 14a, the in-situ film tensile
strength was maintained at 11.3 MPa, which can resist the me-
chanical disturbance underground and prevent sealing failure
caused by film damage. However, the tensile strength was 37.9%
lower than that of the standard film (18.2 MPa). This is because the
contact time, mixing travel, and mass transfer area of the A/B so-
lutions in the confluence channel were far lower than those in the
vacuum degasser mixing machine; therefore, a thorough disper-
sion of the A/B solutions in the in-situ static mixer was insufficient.
The degree of in-situ crosslinking of the in-situ film was reduced
locally. The polymer crosslinking network structure was not fully
constructed, and there were a few microscopic pores. In addition,
micro-cracks and uneven folds appeared on the surface of the in-
situ film during the film formation and demolding process
(Fig. 13b). These occurrences caused a decrease in the mechanical
strength of the in-situ film. The water absorption of the in-situ film
(6.97%) was 1.25 times higher than that of the standard film (5.56%)
(Fig. 14b); however, it was still stable in the in-situ fluid environ-
ment. This is because there were a few microscopic pores between
the filler and the matrix of the in-situ film (Fig. 13a); thereby,
resulting in a decrease in the film density and an increase in the free
volume that could allow for water entry.

The in-situ film that was formed by “in-situ film formation
during coring” technology in the simulated deep high temperature
and pressure environment maintained excellent ISP-IMP-ILP per-
formance, and the core sample was sealed and preserved stably.
The in-situ premixing degree of the film-forming solution signifi-
cantly influences the final comprehensive properties of the in-situ
film. To improve the ISP-IMP-ILP efficiency for the in-situ core
samples, it is necessary to optimize the performance of the film
material, and to continuously improve the static mixer structure to
enhance the in-situ premixing degree of the film-forming solution
and the display efficiency of the actual performance of the film
material in the in-situ environment.

6. Conclusions and future prospects

This study designed a deep ISP-IMP-ILP process and tool and
proposed a process and mechanism of in-situ isolation storage and
self-triggered premixing of crosslinking reaction solutions. A deep
ISP-IMP-ILP-Coring simulation system was developed to simulate
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film formation process in-situ high-temperature and high-pressure
environments. The effects of the in-situ film-forming space, tem-
perature, and pressure during the film formation process were
investigated. Finally, uniform and complete in-situ films under an
in-situ temperature (30/60/90 �C) and pressure (0/4/8 MPa) with a
thickness of 2/3 mmwere formed on the core sample. The effect of
“in-situ premixing and film formation during the coring” process on
the comprehensive performance of the in-situ films was examined
in a simulated deep environment. The performance of the in-situ
film that was formed at 90 �C and 8 MPa was compared with the
standard film. The results showed that the light flux of the in-situ
film remained at 0. The oxygen permeability coefficient and water
vapor permeability coefficient were 2.32 and 5.95 times the stan-
dard film, respectively. In general, the ISP-IMP-ILP performance of
the in-situ film was maintained at a suitable level. The mechanical
strength of the film was 0.84 times that of the standard film, and
thewater absorptionwas 1.25 times that of the standard film. There
was only a slight difference in performance, indicating that the in-
situ film had high performance stability.

This study verified the feasibility of the ISP-IMP-ILP film for-
mation while applying coring technology in engineering applica-
tions. In future, our team will continue to explore the mixing
mechanism of the static mixer, improve the degree of in-situ pre-
mixing and dispersion of the film-forming solution, and optimize
the ISP-IMP-ILP process. We will develop the ISP-IMP-ILP-Coring
simulation system with an optimized process and the ability to
simulate the in-situ environment at 140 MPa and 150 �C, to ensure
that a layer of complete and uniform film can be formed on the core
sample surface while coring in deep formations. Further research
will promote the development and application of deep ISP-IMP-ILP
technology in engineering.
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